Procollagen processing is essential for organ development and tissue functions. Both procollagen C-proteinase enhancer 1 (PCPE1) and secreted frizzled-related protein 2 (sFRP2) play vital roles in collagen formation via regulating the procollagen C-proteinase activity of bone morphogenetic protein 1 (BMP1). However, whether the two proteins exert a synergistic effect on BMP1 activity remains unclear. Here, simultaneous knockdown of sFRP2 and PCPE1 led to less collagen formation in mouse embryonic fibroblasts and dorsalized phenotypes in zebrafish embryos. Further studies revealed a direct interaction between the Frizzled domain of sFRP2 and the complement/Uegf/BMP-1 domain of PCPE1, which enhances the cleavage activity of BMP1 on procollagen. These results suggest that double silencing of sFRP2 and PCPE1 may provide a strategy for treating fibrosis diseases caused by collagen deposition.
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Collagen, as one of the major structural proteins within the extracellular space, plays a crucial role in maintaining the integrity of various tissues and is involved in several physiological functions such as providing tensile strength, regulating cell adhesion, supporting chemotaxis and migration, and directing tissue development [1] [2] [3] . The rates of collagen fibril formation are related to collagen synthesis, trafficking, posttranslational processing, and assembly of collagen into fibrils [4] . The key step of collagen formation from procollagen (the precursor of collagen) is to remove the globular N-propeptides and the C-propeptides by two specific proteases, procollagen N-proteinases and C-proteinases (pCP) [4] . Removing C-propeptides is especially important, which markedly decreases the critical concentration required for fibril assembly and thereby triggers the self-assembly of collagen into fibrils [5, 6] . C-proteinase activity is performed by members of the tolloid family of zinc metalloproteinases [bone morphogenetic protein 1 (BMP-1)], mammalian tolloid (mTLD), and mTLD-like 1 and 2 (mTLL1 and mTLL2) [7] . It has been demonstrated that any defect in the normal mechanisms responsible for the synthesis and secretion of collagen molecules or the deposition of these molecules into extracellular fibers could lead to abnormal fibrillogenesis [8] .
BMP-1 is one of the most important C-proteinases, which could cleave the C-propeptides of major procollagens (types I, II, and III) to yield the main fibrous components of vertebrate extracellular matrix [9] . It contains a metalloproteinase domain, three CUB (complement/Uegf/BMP-1) domains, and an epidermal growth factor-like domain, and the CUB2 domain is essential for pCP activity [10, 11] . Moreover, the C-proteinase activity of BMP-1 was found to be promoted by some particular proteins, such as fibronectin, Procollagen C-Proteinase Enhancer 1 (PCOLCE1; PCPE1), and Secreted Frizzled-Related Protein 2 (sFRP2) [12] [13] [14] . It has been shown that PCPE1, a secreted 55-kDa extracellular glycoprotein, drives the enzymatic cleavage of type I procollagen via enhancing BMP1 activity in a substrate-specific manner [15] [16] [17] [18] . PCPE1 has three major protein domains: two CUB domains and a C-terminal netrin-like (NTR) domain [19] . PCPE1 composed solely of the two CUB domains retains the ability to bind type I procollagen C-propeptide and enhance the pCP activity [19, 20] . sFRP2, another important regulator of pCPs, belongs to the Secreted frizzled-related protein (sFRP) family which could bind to Wnt molecules through the cysteine-rich frizzled (Fzl) domain and then inhibit the Wnt signaling pathway [21, 22] . There are two major protein domains in sFRP2: a Fzl domain and a NTR domain [12] . It was reported that sFRP2 could enhance the pCP activity of BMP1 by directly interacting with BMP1 via its Fzl domain in a proper concentration [12] .
Although it has been shown that both sFRP2 and PCPE1 regulate the processing of procollagen via BMP1 proteinases, it has not been clear whether the two proteins have a physical interaction and a synergetic effect on the processing of procollagen. Here, we found that there was an embryonic lethal in Sfrp2 and Pcolce1 double knockout (KO) mouse, with remarkably decreased formation of mature collagen I in mouse embryo fibroblasts (MEFs) derived from Sfrp2 and Pcolce1 double KO mouse. Furthermore, the sfrp2 and pcolce1 double knockdown zebrafish embryo showed a remarkable dorsalized phenotype with less mature collagen. Further pull-down experiment assays demonstrated that sFRP2 binds PCPE1 CUB domain via its Fzl domain. Thus, our study revealed that there indeed existed a direct interaction between sFRP2 and PCPE1 in vitro and in vivo and the sFRP2-PCPE1 interaction had an important effect on embryonic development and procollagen processing via BMP1. This interaction may be a potential target to regulate abnormal collagen formation, such as fibrosis.
Materials and methods

In vitro procollagen cleavage assay
For type I procollagen cleavage assays, 400 ng 3 H-prolineradiolabeled type I procollagen was prepared from dermal fibroblasts as described in previous reports [12, 13] . BMP1 and sFRP2 were purified as described in the study [12] . Mouse PCPE1 was cloned into pcDNA4 vectors, which tagged with FLAG and then transfected into 293-Trex cell to get the stable overexpression cells. The proteins were purified with FLAG beads (Sigma, St.Louis, MO, USA). 3 H-proline-radiolabeled type I procollagen incubated with 20 ng of BMP1 in the presence of 20 ng PCPE1, 20 ng sFRP2 or 10 ng PCPE1 plus 10 ng sFRP2 in 100 lL buffer A (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 5 mM CaCl 2 , 1 mM MgCl 2 , 1 mM ZnCl 2 , 1 mg mL À1 BSA) at 37°C.
After 6 h, the reaction was stopped at 37°C by adding SDS sample buffer. Samples were separated on 7.5% or 6% SDS/PAGE gels, followed by treatment with EN3HANCE (PerkinElmer) and autofluorography [12] .
Processing of endogenous type I collagen in cultured MEF cells added with 59 Laemmli buffer with 5% b-mercaptoethanol. The samples were subjected to SDS/PAGE to separate the proteins for immunoblot analysis using the antibody LF67 [23] . Blots were visualized using the ECL Plus kit (GE Healthcare).
Pull-down assays
Mouse PCPE1 or its CUB domain was cloned into pcDNA4 vectors, which tagged with FLAG, respectively and then transfected into 293-Trex cell to get the stable overexpression cells. The proteins were purified with FLAG beads (Sigma). As for pull-down assay, 80 ng FLAGtagged PCPE1 (PCPE1-FLAG) was preincubated with 200 ng His-tagged full-length sFRP2 (sFRP2-His) overnight at 4°C in 100 lL buffer B (20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM ZnCl 2 , 1 mM CaCl 2 , 1 mM MgCl 2 , 0.1% Triton X-100, 0.1% CHAPS, 0.1% N-octylglucoside, 2% glycerol, and 1 mg mL À1 BSA). The samples were rotated for 3 h at room temperature followed by the addition of His beads or FLAG beads (Sigma) and rotation for overnight at 4°C. Beads were then washed for 15 min three times with PBS and boiled in 29 SDS loading buffer. Samples were subjected to SDS/PAGE on 7.5% gels, and western blot analysis was performed using either monoclonal anti-FLAG or anti-His [24] . 293-Trex cells were transfected with pcDNA3.1 vectors to express Fc-tagged full-strength sFRP2 (sFRP2-Fc), Fctagged sFRP2 Fzl domain (Fzl-Fc), Fc-tagged sFRP2 NTR domain (NTR-Fc), FLAG-tagged PCPE1 (PCPE1-FLAG), or FLAG-tagged PCPE1 CUB domain (CUB), and then the fusion proteins were isolated from the culture media of these overexpressing 293-Trex cells. Pull-down assays were performed as previously reported [25] that 80 ng sFRP2-Fc, Fzl-Fc, or NTR-Fc was preincubated with 200 ng PCPE1-FLAG or CUB overnight at 4°C in the above buffer B. Then, the samples were rotated for 3 h at room temperature followed by the addition of Protein G agarose (Roche, Indianapolis, IN, USA) or FLAG beads (Sigma) and rotation for overnight at 4°C. Beads were then washed for 15 min three times with PBS and boiled in 29 SDS loading buffer. Finally, western blot analysis was performed using monoclonal anti-FLAG or anti-IgG.
Co-immunoprecipitation of endogenous proteins from MEF cells
WT, Pcolce1
À/À , Sfrp2 À/À , and Pcolce1 À/À and Sfrp2
À/À
MEFs were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS and 1% L-glutamine. Just-confluent cells were rinsed twice with PBS and then rinsed once with serum-free media followed by the addition of serum-free DMEM containing 40 lg mL À1 soybean trypsin inhibitors (Sigma). The culture media were harvested every 24 h, protease inhibitors (2.5 mM EDTA, 1 mM PMSF, 1 mM PABA, 1 mM NEM) were added, and harvested media were concentrated around 50 folds in Amicon Centricon Plus-70 centrifugal filters (Millipore). One milliliter concentrated medium was taken and the antibodies directed against the sFRP2 and PCPE1 were added, followed by incubation on a rotator for 2 h at 4°C. Protein A-agarose beads (Roche Applied Science) for pull-down of polyclonal antibodies were then added, followed by incubation on a rotator overnight at 4°C. Beads were then centrifuged and washed three times with buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 50 mM EDTA, and the protease inhibitors listed above. Proteins were eluted from the beads and then subjected to SDS/ PAGE for western blot using anti-PCPE1 antibody or antisFRP2 antibody. Anti-b-actin was used as control.
Morpholino antisense oligonucleotides in zebrafish
The antisense morpholino oligonucleotides (MOs), typically oligomers of 25 morpholine bases are the most common antisense 'knockdown' technique used in zebrafish via complementary base pairing to the RNA of interest [26, 27] . MOs applications have two types including splice blocking and translational blocking [27] . In this current study, we used translational blocking MOs, which bind complementary mRNA sequences within the 5 0 UTR [27] . 
Results
A synergistic role for sFRP2 and PCPE1 in enhancing the pCP activity of BMP1
It has been reported that both PCPE1 and sFRP2 are the regulators of the pCP activity of BMP1. To investigate whether the two regulators have a synergistic effect on the pCP activity of BMP1, we crossed the Pcolce1 À/À and Sfrp2 À/À mice to get the double KO mice. Unfortunately, the double KO mice showed embryonic lethal at E16.5 (data not shown), indicating that the two regulators are essential for embryonic development. We further isolated MEFs from embryos of Pcolce1
, and Pcolce1 À/À and Sfrp2 À/À mouse, respectively. The culture media from these MEFs were harvested and then immunoprecipitated using LF67, a polyclonal antibody that simultaneously detects pro-a1(I) collagen, partially processed pro-a1(I) (pN/pC-a1(I)) collagen, and mature a1(I) collagen [13] . In WT MEFs culture media, the major collagens detected were mature a1(I) while few pro-a1(I) were detectable, similar to that in Sfrp2 À/À MEFs culture media (Fig. 1A) . But in Pcolce1 À/À MEFs culture media, more pro-a1 (I) and pN/pC-a1(I) were found (Fig. 1A) . Importantly, more amounts of pro-a1(I) and pN/pC-a1(I) were detected in Pcolce1 À/À and Sfrp2 À/À MEFs culture media than those in Pcolce1
MEFs culture media (Fig. 1A,B) , suggesting that sFRP2 further promotes the pCP activity of BMP1 stimulated by PCPE1. sFRP2 and PCPE1 proteins were purified to further verify their synergistic effect on the pCP activity of BMP1 in vitro. The type I procollagen, a well-known substrate for BMP1, was incubated with BMP1 in the presence of sFRP2, PCPE1, or sFRP2 and PCPE1, respectively. The results showed that both sFRP2 and PCPE1 increased the pCP activity of BMP1 as predicted. Moreover, the combination of sFRP2 and PCPE1 exhibited a stronger effect on procollagen processing via BMP1 (Fig. 1C,D) .
Direct interaction between sFRP2 and PCPE1 in vitro and in vivo
To determine whether there existed a direct interaction between sFRP2 and PCPE1, His-tagged sFRP2 and Flag-tagged PCPE1 were purified for a pull-down assay. PCPE1 was incubated with an equimolar amount of sFRP2 followed by immunoprecipitation with antisera raised against PCPE1 and sFRP2, respectively. The result showed that sFRP2 could bind to PCPE1 in vitro ( Fig. 2A,B) . To further confirm the interaction between sFRP2 and PCPE1 in vivo, the lysates of WT, Sfrp2 À/À , and Pcolce1
À/À
MEFs were incubated with beads linking the antibody against sFRP2 or PCPE1 [15] . Consistent with the in vitro result, a pull-down assay confirmed a direct and specific interaction of the two proteins in vivo (Fig. 2C,D) .
sFRP2 binds PCPE1 CUB domain via its Fzl domain
For a more detailed molecular mechanism, we performed pull-down assays using a series of sFRP2-Fc and PCPE1-Flag fusion proteins. As shown in Fig. 3A , sFRP2-Fc, Fzl-Fc, and NTR-Fc fusion proteins or PCPE1-FLAG and CUB-FLAG of PCPE1 fusion proteins were produced and extracted from the culture media of their overexpressing 293-Trex cells. Then sFRP2 fusion proteins containing different domains were incubated with PCPE1-FLAG and CUB-FLAG, respectively. The pull-down assay clearly showed that Fzl domain of sFRP2 was sufficient to bind to PCPE1 or CUB domain of PCPE1 as effectively as full-length sFRP2-Fc (Fig. 3B,C) . However, the NTR domain of sFRP2 was not observed to bind to PCPE1-FLAG or CUB-FLAG (Fig. 3D) . Consistent with the above results, both PCPE1-FLAG and CUB-FLAG could pull down Fzl domain of sFRP2 and full-length sFRP2-Fc, but not NTR-Fc (Fig. 3E,F) . These results demonstrate that sFRP2 can interact directly with the CUB domain of PCPE1 via its Fzl domain.
Phenotypes of zebrafish treated with Sfrp2 and Pcpe1 morpholinos (MOs)
To investigate the synergistic effects of sFRP2 and PCPE1 in organism, sfrp2, pcolce1, and sfrp2 and pcolce1 genes are knocked down in zebrafish fertilized eggs with antisense MOs. After 24 or 48 h, the zebrafish embryos were harvested and homologized for western blot analysis. The result showed that the expression of Sfrp2 and Pcpe1 were greatly decreased in MOs zebrafish (Fig. 4A,B) . The expression of type I collagen was very low in 24-h embryos, but reached a considerable high level in 48-h embryos. As expected, a large number of pro-a1(I) collagen were found in embryos of sfrp2 and pcolce1 double knockdown zebrafish (Fig. 4C,D) . In addition, either sfrp2 or pcolce1 knockdown zebrafish revealed an apparently dorsalized phenotype (Fig. 4E) . Interestingly, sfrp2 and pcolce1 double knockdown zebrafish showed a more severe dorsalized phenotype than other groups (Fig. 4F,G) . Actually, we got the mature sfrp2 or pcolce1 knockdown zebrafish, but not sfrp2 and pcolce1 double knockdown zebrafish (could not survive over 72 h). These results indicate that the synergistic effect of Sfrp2 and Pcpe1 plays an important physiological role in embryonic development.
Discussion
It has been demonstrated that mutations in collagen genes or deficiencies in the activities of specific post-translational enzymes of collagen synthesis contribute to many disorders such as osteogenesis imperfecta, chondrodysplasias, and several subtypes of the Ehlers-Danlos syndrome [28] . Additionally, when the synthesis of new collagen exceeds the rate of degradation, the collagen deposition can lead to fibrosis diseases such as pulmonary fibrosis, liver cirrhosis, and cardiovascular fibrosis [29, 30] . Thus, studies on procollagen processing are the important content for matrix biology. As one of important metalloproteinases, BMP1 plays a key role in the regulation of extracellular matrix formation and activation of transforming H-proline-radiolabeled type I procollagen processing in the presence of 20 ng BMP1, 20 ng PCPE1, 20 ng sFRP2 or 10 ng PCPE1 plus 10 ng sFRP2, respectively and the quantitation were shown in (D). All above data were done with three independent assays and they are presented as mean AE SEM. *P < 0.05; **P < 0.01; ***P < 0.005. growth factor b [31, 32] . The pCP activities of BMP1 are responsible for the cleavage of C-propeptides from procollagen precursors to produce mature collagen fibrils [33] , which are promoted by some particular proteins including Procollagen C-Endopetidase Enhancer (PCPEs), sFRP2, and fibronectin [12] [13] [14] . PCPEs promote procollagen processing via a conformational change that renders procollagen a fitter substrate for pCP cleavage, while fibronectin and sFRP2 can directly bind to BMP1 to increase the cleavage activity [12] [13] [14] . Mouse Bmp1 gene is required for normal embryonic development as the majority of Bmp1 homozygous mutants have persistent herniation of the gut combined with failure of ventral body wall closure in the umbilical region and do not survive beyond birth [9, 34] . However, Pcolce1 À/À or Sfrp2 À/À KO mouse survives to adulthood and exhibits specific phenotypes [12, 35] . Here, our study found that Pcolce1 À/À and Pcolce2 À/À double KO mice were relatively normal, with similar phenotypes to that of Pcolce1 À/À or Pcolce2 À/À mice (data not shown here). It is possible that only single deficiency of them is compensated by another BMP1 enhancer in organism. Our Pcolce1
and Pcolce2 À/À double KO mice exhibited embryotic lethality at 12 days post conception, suggesting an interaction of PCPE1 and sFRP2 on embryonic development. Consistent with the result, zebrafish with pcolce1 and sfrp2 double knockdown could not survive over 72 h, with severe dorsalized phenotype while those with single gene knockdown survived to adulthood (Fig. 4) . Thus, exploring the interaction between PCPE1 and sFRP2 will help to further understand the involvement of BMP1 in the procollagen processing. It is well known that PCPE1 can enhance the pCP activity of BMP1, but there still exists a debate about whether the pCP activity of BMP1 is inhibited or enhanced by sFRP2 [35] . According to previous study, low and high concentrations of sFRP2 had an opposite function on procollagen processing in the presence of BMP1 [36] . Our study also showed a similar result (data not shown). Since the level of sFRP2 in normal physical condition is unclear, the pCP activity of BMP1 inhibited by redundant sFRP2 may be artificial. Although there is a study that they could not confirm the effects of sFRP2 on the pCP activity of BMP1, it may due to the defects of antibody LF39, which is against the amino-propeptide of collagen a1(I) [37] . The antibody only can detect the pro-a1(I) and pN-a1 (I), but cannot recognize the mature a1(I), which is the main different band in our data and other publications [12, 36] . Additionally, sFRP2 may only affect the activity of BMP1 on type I collagen, but not for type III collagens [38] . To confirm the real biological role of sFRP2 here, further investigation need to be conducted. Based on the detection of procollagen processing in MEFs from Sfrp2 À/À and Pcolce1 À/À mice and a pull-down assay, it was shown that the two Three independent experiments were done and the quantification for different degrees of dorsalized phenotype were shown in indicated groups. Data are presented as mean AE SEM. *P < 0.05; **P < 0.01; ***P < 0.005.
regulators had a synergistic function on the pCP activity of BMP1 via a direct protein-protein interaction (Fig. 2) . Further pull-down assays showed that the Fzl domain of sFRP2 specifically bound to the CUB domain of PCPE1 (Fig. 3) . In summary, we provide in vitro and in vivo evidence supporting the hypothesis that there exists a synergistic function of PCPE1 and sFRP2 on the pCP activity of BMP1 via their specific interactions, which is critical for embryonic development. Blocking collagen deposition via interfering with the interaction between PCPE1 and sFRP2 will provide a new strategy for the treatment of tissue fibrosis disease.
